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The reduction of alumina-supported chromia with 13 wt.% chromium was investigated by X-ray
photoelectron and X-ray absorption spectroscopies, in situ temperature-programmed Raman spectroscopy
and in situ temperature-programmed diﬀuse reﬂectance infrared Fourier transform spectroscopy combined
with mass spectrometry. For comparison, unsupported chromia was also studied. The oxidised chromia/
alumina contained Cr3+ and Cr6+, whereas after reduction by carbon monoxide or hydrogen mainly Cr3+
was detected, although the formation of Cr2+ in carbon monoxide reduction was not ruled out. The polymeric
chromates on chromia/alumina were more reducible than the monomeric ones due to the weaker interaction of
the polychromates with the support. During reduction with hydrogen at high temperatures, hydroxyl species
formed on chromia and chromia/alumina. In addition, surface restructuring to more crystalline chromia species
took place on chromia/alumina. Measurements on the reduction by carbon monoxide suggested that the
reduction could occur through formation of bicarbonate species. With increasing temperature, formate species—
probably formed by reaction of Cr3+–CO species with surface hydroxyls—were observed, which reacted further
to carbonates on chromia, and inorganic carboxylates and other carbonaceous species on chromia/alumina.
Introduction
Supported chromias are eﬀective catalysts in reactions such
as dehydrogenation of alkanes, polymerisation of ethene and
selective reduction of nitrogen oxides.1 Due to their industrial
importance, the chromia catalysts have been studied exten-
sively for their characteristics and catalytic activities.1–6 By
use of various characterisation methods, it has been deter-
mined that oxidised supported chromias contain Cr3+, Cr5+
and Cr6+ in amounts depending on the sample properties
and treatments.1–6 Furthermore, the Cr6+ species are present
as chromates with diﬀerent oligomerisation degrees. In reduc-
tive atmospheres the higher oxidation states reduce to lower
ones: on alumina support mainly to Cr3+, whereas on silica
to Cr3+ and Cr2+.4
The activity of chromia catalysts in alkane dehydrogenation
is generally attributed to coordinatively unsaturated (c.u.s)
Cr3+ ions.2,3,5–7 Before dehydrogenation, the catalyst is
reduced either with the alkane stream, or in prereduction with
for example hydrogen or carbon monoxide. The reduction pro-
cess has been studied with diﬀerent methods with emphasis
mainly on the oxidation state changes occurring during reduc-
tion4,5,7,8 or, for example, on the kinetics of the reduction.9,10
However, diﬀerent reducing agents leave behind surface
species, which may inﬂuence catalytic activity: water—possibly
as OH/H groups—is retained in reduction with hydrogen
containing molecules,7,11–13 and carbonaceous species are
formed with carbon containing ones.7,13 Hydrogen reduction
of chromia/alumina has been observed to result in a lower
activity in dehydrogenation compared to reduction with the
alkane feed,7,11 whereas carbon monoxide reduction increases
side reactions, cracking and coke formation, during dehydro-
genation.5,7 Despite this, only a few studies have dealt with
the identiﬁcation of the species formed in reduction.14,15
The aim of this work is (i) to elucidate the hydroxyl and
carbonaceous species formed on chromia/alumina during the
reduction with hydrogen or carbon monoxide, and (ii) to cor-
relate these results with the oxidation state changes occurring
during reduction. The behaviour of the surface chromia species
was monitored by in situ temperature-programmed Raman
spectroscopy, and the formation of surface species and release
of reduction products by in situ diﬀuse reﬂectance Fourier
transform infrared spectroscopy combined with mass spectro-
metry. The hydrogen reduction was also studied by X-ray
absorption and X-ray photoelectron spectroscopies and the
carbon monoxide reduction by X-ray photoelectron spectro-
scopy. For comparison, results are reported for unsupported
chromia, which contains a small amount of Cr6+.16
Experimental
Sample preparation and characterisation
Two samples were used in the study: bulk chromia (Cr2O3 ,
Aldrich, 98+) and chromia supported on alumina. The
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chromia sample was calcined with air at 600 C for 4 h before
use. The chromia/alumina sample was prepared by the atomic
layer deposition (ALD) technique in which the precursor of
the metal oxide is deposited on the support from the gas phase
through saturating gas-solid reactions as described in detail
elsewhere.2,3 The g-alumina support, AKZO 000-1.5E with sur-
face area of 195 m2 g1, was crushed and sieved to a particle size
of 0.25–0.50 mm and calcined with air at 600 C for 16 h. The
catalyst was prepared in a ﬂow-type ALD reactor. The chromia
precursor, chromium(III) acetylacetonate, Cr(acac)3 (Riedel-de
Hae¨n, 99%), was vaporised and directed through the support
bed held at 200 C. After the Cr(acac)3 chemisorption, excess
precursor was ﬂushed from the reactor with nitrogen and the
acac ligands were removed by air at 520 C. The chemisorp-
tion-ligand removal cycles were repeated 12 times. Thereafter,
the catalyst was calcined with air at 600 C for 4 h. The same
sample has been studied earlier by Kanervo andKrause by tem-
perature-programmed reduction with hydrogen (H2-TPR).
10
The total chromium content of the chromia/alumina sample
was determined by atomic absorption spectroscopy (AAS) and
the Cr6+ contents of both samples by UV-Vis spectrophoto-
metry after dissolution of Cr6+ as chromate. The surface area
of the chromia/alumina sample was determined with a Coulter
Omnisorp 100CX equipment (static volumetric method), and
the crystalline species were studied by X-ray diﬀraction
(XRD) analysis with a Siemens D500 instrument using Cu
Ka radiation.
The oxidation states of chromium on the calcined and
hydrogen- or carbon monoxide-reduced samples were investi-
gated by X-ray photoelectron spectroscopy (XPS). Before the
analysis, the samples were calcined with air at 600 C for 30
min, reduced with 5% H2/N2 or 5% CO/N2 for 15 min at
590 C and then cooled down to below 100 C before measure-
ments. The treatments were done in a reactor connected
directly to the spectrometer system enabling sample transfer
in vacuum. The XPS spectra were recorded with a Surface
Science SSX-100 electron spectrometer using a monochroma-
tised Al Ka X-ray source. A nickel mesh and a ﬂood gun were
used to compensate for sample charging. The background
pressure in the analysis chamber was better than 5 109 Torr
(7 107 Pa) during measurements. A nominal spot size of 600
mm was used. The relative surface concentrations for the
elements of interest were calculated from the Cr 2p, Al 2p
and O 1s signal intensities with use of sensitivity factors given
by the spectrometer supplier. The binding energies were refer-
enced to the Al 2p peak for Al2O3 at 74.5 eV or to the O 1s
peak for Cr2O3 at 530.8 eV. The peak deconvolutions were
done with a custom made routine running under the Igor
Pro program using a peak ﬁtting formalism with an own
intrinsic background for each peak.17 The Cr 2p1/2 to Cr
2p3/2 doublet separation was 9.7 and 9.2 eV for Cr
3+ and
Cr6+, respectively and the binding energy of the Cr3+ satellite
about 11 eV higher than that of Cr3+.
The eﬀect of hydrogen reduction on the local atomic struc-
ture of chromium in the chromia/alumina sample was studied
by X-ray absorption spectroscopy (XAS). Before the measure-
ments, the sample was heated to 530 C in 5% O2/He, reduced
with 10% H2/N2 for 15 min and cooled to room temperature
under 10% H2/N2 in an in situ cell. The XAS measurements
were done under helium ﬂow in transmission mode at room
temperature on beamline BL17C at the Synchrotron Radiation
Research Center in Taiwan. The energy was scanned from 200
below to 1100 eV above the chromium K absorption edge
(5989 eV). Chromium metal was used as reference. The
extended X-ray absorption ﬁne structure (EXAFS) data analy-
sis was carried out by the UWXAFS 3.0 software package and
FEFF8 program. The spectra were Fourier transformed to
R-space by k3-weighting. The ﬁtting between the theoretical
and experimental data was made in R-space. X-ray absorption
data for CrO3 and Cr2O3 were used as standards.
In situ reduction studies
The behaviour of surface chromia species on the chromia/
alumina sample during hydrogen reduction was investigated
by temperature-programmed reduction Raman spectroscopy
(TPR-Raman). The measurements were run with a hot stage
(Linkam TS-1500) heatable up to 1500 C under ﬂowing gases.
The hot stage was attached to a Renishaw System-1000 micro-
scope Raman spectrometer with an Ar+ laser as exciting
source at 514 nm. The samples were dehydrated in dry air at
200 C before any study. The TPR-Raman experiments were
done with 1% H2/Ar by heating the sample from 200 to
600 C at a rate of 10 C min1. Spectra were acquired with
a resolution of 3 cm1 and total acquisition time of 600 s.
The formation of hydroxyl and carbonaceous species on the
chromia and chromia/alumina samples during hydrogen and
carbon monoxide reduction were studied by temperature-
programmed reduction diﬀuse reﬂectance infrared Fourier
transform spectroscopy (TPR-DRIFTS) combined with mass
spectrometry (MS). The measurements were performed using
a Nicolet Nexus Fourier transform infrared spectrometer
and a Spectra-Tech high temperature/high pressure chamber.
The samples were calcined with 10% O2/N2 at 580
C for 2
h, cooled to room temperature and ﬂushed with nitrogen.
The reduction was done with 5% H2/N2 or 5% CO/N2 (50
cm3 min1) by raising the temperature from 25 to 575 C in
steps of 25 C. Spectra were collected at each temperature with
a resolution of 4 cm1 (100 scans). A spectrum of an alumi-
nium mirror measured under nitrogen ﬂow was used as back-
ground. After reduction, the samples were ﬂushed with
nitrogen and oxidised. Nitrogen, hydrogen and carbon monox-
ide were puriﬁed with Oxisorb (Messer-Griesheim). The gas-
eous products were monitored on-line by a Pfeiﬀer Vacuums
OmniStar mass spectrometer.
Results
The chromia/alumina sample contained 13.5 wt.% chromium
and had a surface area of 166 m2 g1. The XRD pattern of
the sample showed only reﬂections due to the g-alumina sup-
port, whereas those due to crystalline Cr2O3 were not detected,
indicating that the surface chromia species were well dispersed.
The Cr6+ contents (UV–vis) of the chromia/alumina and bulk
chromia samples were 3.0 and 0.2 0.1 wt.%, respectively.
XPS measurements
XPS analysis was used to probe the oxidation states of chro-
mium present on the samples after calcination and reduction.
Mainly Cr3+ was detected on the oxidised bulk chromia sam-
ple whereas the amount of Cr6+ was too low to be determined
by XPS. The results for the chromia/alumina sample are
shown in Table 1. Cr3+ and Cr6+ were detected on this sample
after calcination; during treatment with hydrogen or carbon
monoxide, more than 90% of the Cr6+ was reduced. In addi-
tion, the Cr/Al ratio decreased in the reductions, which may
indicate loss of dispersion of the surface chromia species pro-
vided that the distribution of chromium in the alumina parti-
cles remained unchanged.7 The presence of carbon was
Table 1 XPS analysis results for the chromia/alumina sample after
calcination and reduction
Treatment Cr6+/Cr3+ Crtotal/Al
Calcined 0.45 0.05 0.26 0.01
H2-reduced <0.10 0.18
CO-reduced <0.10 0.18
4372 Phys. Chem. Chem. Phys., 2003, 5, 4371–4377
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detected on the carbon monoxide-reduced but not on the
hydrogen-reduced surfaces.
XAS measurements
The local environment of chromium was studied by XAS for
the chromia/alumina sample. The X-ray absorption near edge
structure (XANES) spectra obtained after calcination and
after reduction with hydrogen are shown in Fig. 1. The spec-
trum of the in situ calcined sample exhibited a pre-edge peak
at 5993.5 eV due to Cr6+ species.4 The peak was not present
after reduction. The Fourier transforms of the EXAFS spectra
for calcined and reduced chromia/alumina are shown in Fig. 2
along with the best curve-ﬁtted EXAFS functions. In the curve
ﬁtting for the calcined sample, two Cr–O bond distances were
observed at 1.59 and 1.98 A˚ with coordination numbers of
0.8 and 3.7, respectively. In addition, a Cr–Cr distance was
observed at 3.03 A˚ with coordination number of 2.7. Similar
bond distances extracted from XAS data have been reported
for calcined chromia/silica samples by Weckhuysen et al.4
Taking into account their EXAFS results and those of
Peterson et al.18,19 for various chromium-containing liquid
samples, the Cr–O distances at 1.59 and 1.98 can be attributed
to polychromates (tetrahedral Cr(VI)O4) and Cr
3+ oxides
(octahedral Cr(III)O6), respectively. After reduction, only the
Cr–O distance of Cr3+ oxides was observed at 2.01 A˚ with
coordination number of 5.6, and a Cr–Cr distance at 3.04 A˚
and coordination number of 6.2.
TPR-Raman spectroscopic measurements
TPR-Raman spectra were measured to further investigate the
reduction behaviour of alumina-supported chromia species.
As a reference, TPR-Raman spectra were also run under inert
argon and dry air and no appreciable change was observed
up to 600 C. Representative Raman spectra measured during
hydrogen reduction are shown in Fig. 3, which also shows the
spectrum of the sample dehydrated under air at 200 C. The
spectrum of the dehydrated sample exhibited Raman bands
centred at about 1000 and 830 cm1 corresponding to the
stretching modes of terminal Cr=O and bridging Cr–O–Cr
units of surface chromate species.1,8 The spectrum measured
at 200 C under hydrogen ﬂow resembled that of the dehy-
drated sample, indicating that the reduction had not yet
started in signiﬁcant degree. Above 200 C the intensities of
the chromate Raman bands decreased with increasing tem-
perature. At the same time, two peaks were resolved at 990
and 1005 cm1, assigned to the Cr=O stretching modes of
monochromates and polychromates, respectively.1,8 The poly-
chromate band seemed to decrease in intensity more rapidly
than that of the monochromates, suggesting that the polymeric
species were more reducible. At 350 C, no chromate Raman
bands were observed, indicating that Cr6+ had reduced to a
lower oxidation state. Above 300 C, a broad Raman band
attributed to crystalline chromium(III) oxide1 was observed at
the area centred near 537 cm1. Therefore, the Raman spectra
suggest that surface chromium oxide species aggregated into
more crystalline ones upon reduction in hydrogen.
TPR-DRIFTS measurements
Reduction with hydrogen. DRIFT spectroscopy was used to
monitor the hydroxyl and carbonaceous species formed during
the reductions. Representative DRIFT spectra measured after
calcination and during the hydrogen reduction are shown for
the bulk chromia and alumina-supported chromia samples in
Figs. 4 and 5, respectively.
Fig. 1 XANES spectra measured for the chromia/alumina sample
after (A) calcination and (B) reduction with hydrogen.
Fig. 2 EXAFS spectra for the chromia/alumina sample after (A)
calcination and (B) reduction with hydrogen. Solid line: measured
data, dashed line: curve-ﬁtted EXAFS functions.
Fig. 3 TPR-Raman spectra measured for the chromia/alumina sam-
ple (a) after dehydration at 200 C under air atmosphere, and during
hydrogen reduction at (b) 200, (c) 250, (d) 300, (e) 350 and (f) 400 C.
Phys. Chem. Chem. Phys., 2003, 5, 4371–4377 4373
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The spectrum of the calcined chromia sample exhibited sev-
eral peaks at the region 1500–900 cm1 and at wavenumbers
1997, 1948 and 1620 cm1 (Fig. 4). The peaks at the low wave-
number region are located at similar places as reported for
a-chromia by other authors,14,20 with those near 1000 cm1
attributed to the stretching vibrations of Cr=O groups of chro-
mates.14,20 The two peaks at 1997 and 1948 cm1 are assigned
to the overtones of the Cr=O stretches20 and the peak at 1620
cm1 to physisorbed water.21 During heating in air or nitro-
gen, the chromate peaks broadened and became diﬃcult to
detect at temperatures above 500 C. Under hydrogen ﬂow
mainly desorption of physisorbed water took place at tem-
peratures below 150 C. At 250–300 C, the 1620 cm1 peak
reappeared indicating the formation of water and, thus,
reduction of the sample. However, gaseous water was not
detected by MS. By 300 C, the chromate peaks were no longer
observed whereas new bands had appeared at 3610 and 3430
cm1 assigned to Cr–OH species3 and hydrogen-bonded
hydroxyls,22 respectively. Possible changes at the low wave-
number region were diﬃcult to detect due to the broadening
of the peaks with temperature. The hydroxyl peaks became
sharper with temperature and the Cr–OH peak split to a band
with two maxima at 3640 and 3595 cm1 assigned to hydroxyls
bonded diﬀerently to surface chromium ions. The hydroxyl
peaks were removed by oxidation at 575 C. The chromate
overtones were observed after oxidation on the spectra
measured below 500 C.
The room temperature DRIFT spectrum of the calcined
chromia/alumina sample showed peaks at wavenumbers
3730, 3620, 2340 and 2000 cm1 (Fig. 5). The peaks at 3730
and 3620 cm1 are attributed to hydroxyl groups on alumina23
and chromia, respectively, remaining on the surface after the
calcination. The sharp and strong peak at 2340 cm1 is char-
acteristic for the g-alumina used as support. The broad band
near 2000 cm1 is located at approximately the same location
as the chromate overtone vibrations observed at 1997 and 1948
cm1 for the chromia sample and is assigned to the same spe-
cies. The band was observable even at 580 C during heating
under air or nitrogen. Under hydrogen ﬂow, the chromate
overtone band started to decrease in intensity at 250 C and
vanished above 350 C. At the same time, water was formed
(detected by DRIFTS and MS) and the appearance of the
hydroxyl region changed. The Cr–OH peak at 3620 cm1
increased in intensity and broadened to a band with two
maxima at 3640 and 3600 cm1 assigned to hydroxyls bonded
diﬀerently to surface chromium ions. In addition, hydrogen-
bonded hydroxyls appeared (3475–3450 cm1). Above
450 C, a single peak was again resolved at 3620 cm1 and
the intensity of the Al–OH peak at 3710 cm1 increased with
temperature. Flushing of the sample with nitrogen did not
modify the spectrum markedly, whereas oxidation decreased
the intensities of the hydroxyl peaks signiﬁcantly and restored
the chromate overtone band.
Reduction with carbon monoxide. Selected DRIFT spectra
measured during the carbon monoxide reduction are shown
for the bulk chromia and chromia/alumina samples in Figs.
6 and 7, respectively. The spectra measured at room tempera-
ture under carbon monoxide ﬂow resembled those of the
calcined samples (see Figs. 4 and 5) except for peaks at 2170
and 2115 cm1 due to gaseous carbon monoxide.
For the bulk chromia sample, release of carbon dioxide was
detected by MS and DRIFTS (peaks at 2362 and 2332 cm1)
above 150 C indicating the start of reduction. The ﬁrst signiﬁ-
cant spectral change occurred at 200 C when a shoulder at
2200 cm1 appeared on the carbon monoxide peak at 2170
cm1 (Fig. 6). This shoulder is assigned to the Crn+–CO spe-
cies with n ¼ 3 or 2,1,12,14,21,24,25 and indicates the presence
of c.u.s. chromium ions formed by dehydration or reduction
of the surface. Carbon dioxide release reached a maximum
at 225 C and decreased thereafter levelling oﬀ at about
350 C (MS). By 225–250 C, the chromate overtone peaks at
about 1995 and 1945 cm1 had decreased in intensity, whereas
the band due to the Crn+–CO species had increased and shifted
to 2190 cm1. At the same time, new peaks were detected at
3606, 3440, 1580, 1540 and 1417 cm1 with the one at 3440
cm1 assigned to hydrogen-bonded hydroxyls and those at
3606, 1580 and 1417 cm1 to the n(OH), nas(CO) and ns(CO)
vibrations of bicarbonate species, respectively.14,15,26 The
d(OH) mode of bicarbonates expected at 1220 cm1 was not
observed. At 275 C, the Crn+–CO peak reached its maxi-
mum intensity and was located at 2185 cm1. By 300 C, the
Fig. 4 TPR-DRIFT spectra measured for the chromia sample (a)
under nitrogen ﬂow at 25 C, and during hydrogen reduction at (b)
200, (c) 250, (d) 300, (e) 350, (f) 400 and (g) 575 C.
Fig. 5 TPR-DRIFT spectra measured for the chromia/alumina
sample (a) under nitrogen ﬂow at 25 C, and during hydrogen reduc-
tion at (b) 200, (c) 250, (d) 300, (e) 350, (f) 400 and (g) 575 C.
4374 Phys. Chem. Chem. Phys., 2003, 5, 4371–4377
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bicarbonate peaks at 1580 and 1417 cm1 had disappeared and
the Crn+–CO peak had shifted further to 2177 cm1 and
started to decrease. In addition, peaks had appeared at 2960,
2880 and 1350 cm1 assigned to the (ns(COO)+ nas(COO))
combination, n(C–H), and ns(COO) vibrations of formate
species, respectively.14,26 The peak at 1540 cm1, which was
ﬁrst observed at 225–250 C, is attributed to the nas(COO)
vibrations of the same species.14,26 Chromate overtones were
no longer detected. At the hydroxyl region three peaks were
resolved, which decreased and broadened with further increase
in temperature. The Crn+–CO and formate peaks were
detected up to 450 C, after which only a broad band centred
at 1490 cm1, assigned to monodentate carbonates,14 was seen.
This band decreased in intensity during the subsequent nitro-
gen ﬂush and was removed by oxidation at 575 C. The chro-
mate overtone peaks were observed on the spectra measured
below 500 C after oxidation.
For the chromia/alumina sample, release of carbon dioxide
(detected by MS) and appearance of the Crn+–CO species at
2207 cm1 (Fig. 7) took place already at temperatures below
150 C. Gaseous carbon dioxide could not be clearly detected
by DRIFTS due to the alumina band at 2340 cm1, which
overlaps the carbon dioxide peaks. At 200–225 C, bands due
to the bicarbonates appeared at 1593, 1433 and 1220 cm1
(d(OH)). A small peak was also observed at 1830 cm1, which
followed the bicarbonate bands in intensity and was, therefore,
most likely due to the same species. The carbon dioxide forma-
tion reached its maximum at 225 C and decreased thereafter
levelling oﬀ at about 350 C (MS). By 250 C, peaks due to
the formate species had appeared at 1536 and 1310 cm1.
From this temperature, two broad bands were seen centred
at 2870 and 2580 cm1, which could be due to some hydro-
gen-bonded hydroxyls,22 but cannot be unambiguously
assigned without further study. At 275 C, the peak due to
the Crn+–CO species reached its maximum intensity and was
located at 2200 cm1. By 300 C, the bicarbonate peaks had
decreased in intensity, and the Crn+–CO peak had shifted to
2197 cm1 and started to decrease. At this temperature, the
formate peaks at 2970 and 2880 cm1 were observed. The
bicarbonate species and chromate overtones vanished above
350 C. At the hydroxyl region, the peaks at 3720 and 3624
cm1 intensiﬁed with temperature and a new peak due to
alumina hydroxyls23 appeared at 3775 cm1. Above 500 C
the Crn+–CO peak, now at 2175 cm1, and the formate peaks
at 2970 and 2880 cm1 became undetectable, whereas new
peaks were seen at 3009 and 2930 cm1 due to C–H bond
containing carbonaceous species possibly formed through
reaction of carbon monoxide with surface hydroxyls. The
decrease in the intensity of the n(C–H) peak of formates may
indicate dehydrogenation of the formates (HCOO) to more
inorganic carboxylates (COO). The peaks of the carbon-
aceous species decreased in intensity during the following
nitrogen ﬂush and were removed by oxidation at 575 C.
Furthermore, during the oxidation the chromate overtone
band near 2000 cm1 reappeared and the hydroxyl peaks
decreased in intensity signiﬁcantly.
Discussion
Reduction with hydrogen
The hydrogen reduction was studied by XPS, XAS, TPR-
Raman and TPR-DRIFTS for the chromia/alumina sample
and by XPS and TPR-DRIFTS for the unsupported chromia
sample. According to the XAS and TPR-Raman measure-
ments, both polymeric and monomeric chromates were present
on the oxidised chromia/alumina. In all measurements, Cr6+
was reduced by hydrogen, as has been reported before.1–3,5–8
The chromia/alumina sample was reduced at temperatures
between 200 and 350 C (TPR-Raman, TPR-DRIFTS), in
accordance with the H2-TPR measurements by Kanervo and
Krause done for the same sample.10 The chromate species on
the bulk chromia sample were reduced at a lower temperature
than this and were, thus, in weaker interaction with their
surroundings.10 On the other hand, polychromates on the
chromia/alumina sample were more reducible than the
monochromates (TPR-Raman), in accordance with the results
by Weckhuysen et al. for the reduction of supported chromia
catalysts by butane.8 This is explained by the weaker inter-
action of the polymeric species with the support, which,
furthermore, causes them to be water-soluble.3
The XPS and XAS analyses suggested chromium to be in
oxidation state +3 in the hydrogen-reduced chromia/alumina
sample. Generally, large amounts of Cr2+ have not been
detected on reduced alumina-supported chromias.1,4 However,
Kanervo and Krause determined by H2-TPR an average oxi-
dation state of +2.5 for the reduced chromium on the present
chromia/alumina sample, which suggested that the reduction
may have proceeded below Cr3+.10 The authors speculated
that on samples with high chromium loading, chromium redu-
cible to Cr2+ could exist as supported on microcrystalline or
amorphous chromia and, therefore, without direct contact with
Fig. 6 TPR-DRIFT spectra measured for the chromia sample during
the carbon monoxide reduction at (a) 150, (b) 200, (c) 250, (d) 300, (e)
350 and (f) 575 C.
Fig. 7 TPR-DRIFT spectra measured for the chromia/alumina sam-
ple during carbon monoxide reduction at (a) 150, (b) 200, (c) 250, (d)
300, (e) 350 and (f) 575 C.
Phys. Chem. Chem. Phys., 2003, 5, 4371–4377 4375
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the alumina support; the formation of Cr2+ has been observed
on crystalline chromia27 and chromia/silica,4,12 which contains
crystalline chromia species even at low chromium loadings.16
However, the presence of Cr2+ on the hydrogen-reduced
chromia or chromia/alumina samples was not detected spec-
troscopically in the present study.
The TPR-Raman measurements suggested the formation of
more crystalline chromia species on the chromia/alumina sam-
ple at high temperatures under hydrogen atmosphere (Fig. 3).
Therefore, it seems that the well-dispersed chromia phase pre-
sent on the calcined sample (XRD and Raman spectroscopy)
was not preserved under the reducing conditions, as proposed
earlier by Hakuli et al.7 The decrease observed in the surface
Cr/Al ratios measured by XPS after the reductions supports
this, and suggests that the dispersion change possibly took
place during carbon monoxide reduction also. Moreover, in
the DRIFTS measurements the intensities of the alumina
hydroxyl bands increased with temperature during the reduc-
tions, which may be explained by the decrease in the dispersion
of chromia exposing more alumina.
Hydroxyl groups were detected by DRIFTS on the chromia
and chromia/alumina samples during the reduction with
hydrogen. Physisorbed water was ﬁrst observed on both of
the samples. However, since no water was released from the
chromia sample it seems that some of the physisorbed water
may have dissociated to chemisorbed hydroxyl species. In
addition to the hydroxyls on diﬀerent chromium sites, hydro-
gen-bonded hydroxyls and hydroxyls on alumina were also
detected. The formation of several types of hydroxyl species
during reduction with hydrogen has been reported by Badri
et al. for ceria,28 whereas for chromia no reports were found.
Our ﬁndings conﬁrm the earlier quantitative observations that
part of the water formed in the reduction with hydrogen is
retained on chromia catalysts,7,11–13 and could, thus, cause
the lower activity in dehydrogenation compared to reduction
with alkane. It has been suggested that this decrease may occur
through modiﬁcation of the active sites by OH/H groups,29
perhaps by inﬂuencing their coordinative unsaturation. How-
ever, the surface rearrangement of the chromia phase, sug-
gested by XPS, TPR-Raman and TPR-DRIFTS, may also
have an inﬂuence on the activity possibly by creating unex-
posed Cr3+ or Cr3+ ions in crystalline chromia, which are less
active in dehydrogenation than those in the amorphous
phase.3,6
Reduction with carbon monoxide
The reduction of the bulk chromia and chromia/alumina
samples by carbon monoxide was studied by XPS and TPR-
DRIFTS. Both methods indicated the reduction of Cr6+.
The TPR-DRIFTS measurements showed the presence of
Crn+–CO and several other carbonaceous species on the sam-
ples depending on the temperature. The mechanism of carbon
monoxide reduction has been discussed by Hadjiivanov and
Busca for a-chromia,14 and by Bensalem et al. for chromia/
silica.15 Bensalem et al. suggested the reduction to proceed
via two steps: (i) activation of the carbon monoxide molecules
through formation of bicarbonate species with the surface
chromates, and (ii) reduction of Cr6+ ions induced by conver-
sion of the bicarbonates to inorganic carboxylates—correspond-
ing to the formate species observed by us—which thereafter
decompose to carbon dioxide. On the other hand, Hadjiivanov
and Busca suggested the reduction of Cr6+ to occur during the
formation of bicarbonate and carbonate species, whereas for-
mate species would form without reduction through reaction
of carbon monoxide with surface hydroxyl species. In the pre-
sent study, bicarbonates were observed on the samples until
the chromate species vanished and the carbon dioxide forma-
tion levelled oﬀ. This may support the involvement of the
bicarbonates in the reduction, as was proposed by Bensalem
et al. and by Hadjiivanov and Busca. However, carbon dioxide
and c.u.s. chromium ions were detected from a lower tempera-
ture than bicarbonate species, indicating that some reduction
took place before the bicarbonates were detected by DRIFTS.
This suggests that if the bicarbonates are reduction intermedi-
ates they did not accumulate on the surface during the ﬁrst
stages of reduction but rapidly reacted towards other adsorbed
species or carbon dioxide. Bicarbonates can also form by
adsorption of carbon dioxide on chromia without any reduc-
tion.26 It is possible that at least part of these species were
formed by this route from the carbon dioxide released in
the reduction.
Formate species were detected on both samples after the
bicarbonates. Thus, part of the formates may have originated
from the bicarbonates. However, the number of Crn+–CO spe-
cies started to decrease after the appearance of the formates.
This suggests that formates may also have formed in reaction
between adsorbed carbon monoxide molecules and surface
hydroxyls. Moreover, gaseous carbon monoxide can also react
to formates.14 The surface hydroxyls were most likely present
already after calcination or resulted from impurities in the feed
gases. Reaction of the formates to carbonates on chromia and
to inorganic carboxylates and other carbonaceous species on
chromia/alumina occurred at temperatures above 500 C.
These species are, therefore, present on the carbon monoxide-
reduced chromia and chromia/alumina at typical dehydro-
genation temperatures and could aﬀect their catalytic activity.
However, it has also been suggested that the higher activity
for side reactions observed after carbon monoxide reduction
could be due to the presence of Cr2+ on the reduced surface.7
In the present study, the XPS analysis of the carbon monox-
ide-reduced samples suggested chromium to be in oxidation
state +3 after the reduction. In the TPR-DRIFTS measure-
ments, the peak due to the Crn+–CO species shifted with tem-
perature and, thus, with the reduction degree from about
2200 to 2177 cm1 and from 2207 to 2175 cm1 for the chro-
mia and chromia/alumina samples, respectively. On chro-
mia/silica, Cr2+–CO species have absorption bands at the
wavenumber region of 2191–2178 cm1.1,12 Assuming that
the peak near 2200 cm1 corresponds to Cr3+–CO species,
the shift observed in the wavenumber could, therefore, indi-
cate the reduction of chromium to Cr2+. However, at the
same time the number of Crn+–CO species changed. On
a-chromia, a similar shift has been observed in the frequency
of the carbonyl band with increasing carbon monoxide
pressure.24,25 There, the shift has been attributed to adsor-
bate-adsorbate interactions between the adsorbed carbon
monoxide molecules, which become stronger with increasing
coverage.24,25 Thus, the shift that took place when the inten-
sity of the Crn+–CO peak increased could have been due to the
adsorbate-adsorbate interactions but this does not explain
the shift that occurred during the decrease in the intensity of
the peak. However, several authors have suggested that all
carbonyl bands in the 2200–2160 cm1 region on chromia
arise from Cr3+–CO species,14,24,25 whereas the band due to
Cr2+–CO species has been proposed to be located at 2101
cm1.14 Thus, it seems that the Crn+–CO peak observed here
was more likely related to Cr3+ than to Cr2+ ions, although
the presence of Cr2+ is not ruled out completely.
Conclusions
The reduction by hydrogen and carbon monoxide was studied
for unsupported chromia and for chromia/alumina with 13
wt.% chromium. The results suggested that Cr6+ was reduced
by both hydrogen and carbon monoxide to Cr3+, although the
presence of Cr2+ after reduction with carbon monoxide was
not ruled out. The Cr6+ species on unsupported chromia were
more reducible than those on chromia/alumina, whereas on
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chromia/alumina the polymeric chromates were more reduci-
ble than the monomeric ones due to the weaker interaction
of the polychromates with the support. During reduction of
the chromia/alumina sample, the surface chromium oxide spe-
cies present after calcination restructured to more crystalline
aggregates. Furthermore, diﬀerent hydroxyl groups formed
on the samples conﬁrming that water is retained on the chro-
mia surfaces during reduction with hydrogen at high tempera-
tures. Both the restructuring and the retention of water could
lower the dehydrogenation activity of hydrogen-reduced chro-
mia catalysts compared to alkane-reduced ones. The measure-
ments on the carbon monoxide reduction of the chromia
and chromia/alumina samples suggested that the reduction
could occur through formation of bicarbonate species. With
increasing temperature formate species were observed, which
reacted further to carbonates on chromia and to inorganic
carboxylates and other carbonaceous species on chromia/
alumina, which may inﬂuence the subsequent activity in
dehydrogenation.
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